Abstract-The Jefferson Lab 12 GeV Upgrade in Hall B will need CLAS12 detector that requires two superconducting magnets. One is a magnet system consisting of six superconducting trapezoidal racetrack-type coils assembled in a Toroidal configuration (Torus) and the second is an actively shielded solenoidal magnet (Solenoid). Both the torus and solenoid are located in close proximity to one another and are surrounded by sensitive detectors. This paper investigates the electromagnetic interactions between the two systems during normal operation as well as during various fault scenarios as part of a Risk Assessment and Mitigation (RAM).
I. INTRODUCTION

A S PART OF the Jefferson Lab 12 GeV accelerator upgrade
, [2] project, Hall B requires two superconducting magnets. Both torus and solenoid are to be wound with Superconducting Super Collider 36-NbTi strand Rutherford cable soldered into a copper channel. The torus and solenoid are located approximately 3.5 m away (between magnetic centers) from each other. Fig. 1 shows the relative positions of the solenoid and torus magnets. The torus is being designed & built by Jefferson Lab (JLab) and Fermi National Accelerator Laboratory (FNAL). The solenoid magnet is being designed and manufactured by Everson Tesla, Inc. (ETI), PA, USA. This paper investigates the electromagnetic interactions between the two magnets during normal operation as well as during various fault scenarios as part of rigorous Risk Assessment and Mitigation (RAM) with Failure Modes and Effects Analysis (FMEA) processes being undertaken at JLab. All the results in this paper have been obtained by modeling the magnets using VF-Cobham software (OPERA) [3] . Manuscript 
II. SUPERCONDUCTING MAGNET SYSTEMS
The solenoid magnet consists of 5 coils-2 inner coils, 2 intermediate coils and 1 shield coil. All the coils in this magnet are electrically connected in series and cooled via a network of copper fingers. Coil 5 is the active shield and carries current in the opposite sense to the current in the other 4 coils. The other superconducting magnet is a toroidal magnet that consists of 6-independent trapezoidal racetrack-type coils electrically connected in series and assembled around a central hub as shown in Fig. 1. Fig. 2 shows the as-designed coil dimensions for solenoid and torus respectively. The coil parameters for the torus and the solenoid are given in Table I. U.S. Government work not protected by U.S. copyright. 
III. FAULT SCENARIOS AND ANALYSES
The effect of the torus field on the solenoid magnet under normal-operating and fault conditions has been studied with regards to stray fields, forces, and torques. JLab's risk assessment of the magnet interactions requires that the following fault scenarios be investigated. 
A. Solenoid Alone Under Normal Operating Conditions
Under normal operating conditions the inner and intermediate coils are attracted towards the center of the magnet with the solenoid experiencing a zero net force. The axial forces experienced by the inner and intermediate coils are high, however the pressures on the coil faces are considered to be within acceptable limits as defined by past experience of similar magnets. Table II and Fig. 3 indicate the magnitudes of the distributed axial and radial coil forces under normal operating conditions.
Note that there are no net axial forces on the shield coil (Coil #5). However examination of the axial forces on one half of the shield coil indicates that the shield coil is in compression towards its center plane while the end of the coil is in tension. The forces on the intermediate coils are acting to compress each coil into the C1-4 bobbin (coil support former) coil slot towards the center plane of the magnet. The forces on the inner coils can also be seen to force each coil hard up against the C1-4 bobbin (i.e., towards the center plane of the magnet). This suggests that both the inner and intermediate sets of coils are well supported. Closer examination of the axial and radial forces at the individual conductor level for each layer of the shield coil winding (a total of 16 layers) clearly shows a change from compression to tension along the axial length of the shield coil Fig. 4 . In an ideal solenoidal coil, the turns are normally in axial compression and in a shield coil (with the same axial length as the main coils), turns around the coil center are in tension while turns towards the end are in compression. However, in this magnet, due to the aspect ratios of the coils and their positions relative to each other, the shield coil turns near the center and near the ends are both in compression while the turns between the center and the end are under high tension.
B. Solenoid and Torus Under Normal Operating Conditions
The magnet configuration and stray field plot for the torus and solenoid under their normal operating conditions (solenoid at 2416A and torus at 3770A) is shown in Fig. 5 . Under normal operating conditions the solenoid experiences a zero net force. The individual coils of the torus magnet experience forces in the X and Y directions, but the net force is also zero for the torus. There are no additional axial or radial forces experienced by the solenoid coils with the torus operating at full current. Table III summarizes the forces and torques on the solenoid coils (with and without the Torus at full operating current) while Table IV summarizes the forces and torques on the Torus coils (with and without the solenoid at full operating current). All the torques have been calculated around the action point 0, 0, 0 (i.e., at the geometric center of the solenoid magnet).
The solenoid is located outside the torus 5 G line and is therefore unlikely to have significant electromagnetic interactions with the Torus. A large proportion of the torus is located between the 5 G and 50 G stray field lines of the solenoid while a smaller proportion is exposed to solenoid's 100 G line; therefore, the torus coils will be affected by the field from the solenoid.
It is evident from Tables III and IV that the torus does not exert any additional axial or radial forces or torques on the solenoid. The forces and torques for the individual coils of the torus magnet change by less than 0.5% when the solenoid is at full field, but the net force remains unchanged for normal operating conditions. 
C. Solenoid Under Fault Conditions
The RAM and FMEA processes have also necessitated the investigation of a number of fault conditions primarily related to electrical shorts in the solenoid coils. Two scenarios have been investigated: (a) A single short of extremely low resistance between two layers within a coil (i.e., equivalent to losing two layers)-The probability of this occurrence is low and can be mitigated by identifying and addressing vulnerable regions within the coil assembly where this event could occur-for example the lead entry and exit points, insulated conductors being abraded during the winding process, etc. The effect of losing 2 innermost or outermost layers within the inner, intermediate or shield coils have been simulated and forces calculated for these fault conditions. Table V summarizes the axial forces on all the solenoid coils under this fault condition. Losing 2 inner layers in intermediate coil has the maximum effect and is the subject of detailed structural analysis. Changes in the radial forces are not significant and are not shown here. (b) A double short to ground of extremely low resistance in the magnet (i.e., equivalent to losing the whole coil)-The probability of this occurrence is very low and can be detected during ramping of the magnet by monitoring the installed load cells. However, the penalty on the magnet performance and mechanical structure is high and the magnet is unusable. The effects of losing one inner, intermediate or shield coil are simulated with the axial and radial forces summarized in Table VI. A detailed study on the effect on the magnetic field homogeneity of the solenoid (specification < 100 ppm peak-to-peak over a cylinder of 25 mm diameter × 40 mm long) has shown that most of the fault conditions considered here lead to a very inhomogeneous field, lower central field and large stray fields on the detector locations. The "one inner coil off" case results in the lowest central field (3.13 T), and highest inhomogeneity in the field (51943 ppm). The maximum stray field at the detector location is for the shield off case as shown in Table VII .
D. Solenoid Under Fault Conditions With Various Operating Conditions of the Torus
The fault conditions studied for the torus magnet alone are electrical shorts and mechanical coil misalignment. Under severe mechanical or electrical faults the torus magnet will fail. However there are a few fault conditions under which the torus can still be operated safely. The effects on the solenoid (under solenoid normal and fault conditions) of 2 such fault conditions in the torus are presented here.
Fault #1: One of the six torus coils is operating at 90% of full operating current; Fault #2: One coil of the torus is displaced by 5 mm away from the hub (beam axis) and also tilted by 1 deg (the worst case). A brief summary of forces and torques calculated for the solenoid and torus magnets are presented in Tables VIII and IX. Table X summarizes the forces and torques resulting from a combined fault in the solenoid and Fault #1 and #2 in the torus. A detailed mechanical analysis has been carried out for the selected fault conditions for the solenoid [4] , [5] . For the cases that suggest an unusable magnet (i.e., the magnet cannot be energized), the stresses in the coils have not been studied in detail. However the stresses in the coil support structures have been investigated. The three cases are described as follows: Case #1: one of the intermediate coils has lost 2 innermost layers; Case #2: one intermediate coil is off; Case #3: one of the torus coils is at 90% current and one of the intermediate coils has lost 2 innermost layers.
Analysis results show that all cases could result in a mechanical failure of the stainless steel bobbin that supports the inner and intermediate coils. Case #2 indicates high tensile forces in the axial restraints (z-stops), so that these structural links could fail.
IV. CONCLUSION
The following conclusions can be drawn from the above studies:
I. The shield coil is in overall axial tension, the potted conductor and epoxy in tension could be a cause of potential magnet failure. Further structural analysis is being carried out to investigate this. II. The torus does not exert any additional axial or radial forces or torques on the solenoid magnet. The forces and torques for the individual coils of the torus magnet change by less than 0.5 % in the presence of the solenoid and net forces remain unchanged.
III. The torus magnet, under normal operating conditions, does not exert any force or torque on the solenoid magnet. However, under certain fault conditions, the torus does exert very small torques on the solenoid magnet. IV. The worst but very improbable case (maximum torque)
is for the torus with one of torus coils at 90% of full operating current (Fault #1) and no active shield in the solenoid, as a mitigation action solenoid will be tested independent of torus magnet.
